Introduction {#s1}
============

Crassulacean acid metabolism (CAM) has independently evolved as a carbon-concentrating and water-saving strategy in approximately 6% of vascular plants ([@CIT0090]; [@CIT0076]). CAM species rely on the temporal separation of primary carbon assimilation and its subsequent incorporation into carbohydrates through the Calvin--Benson--Bassham cycle (CBBC). Stomata open towards the end of the light period, enabling CO~2~ uptake and its assimilation in the form of HCO~3~^--^ by the concerted actions of phospohoenolpyruvate carboxylase (PPC) and malate dehydrogenase (MDH). Malate is the main organic acid stored in the vacuole, but accumulation of citrate and isocitrate has also been observed ([@CIT0058]; [@CIT0061]; [@CIT0041]; [@CIT0019]; [@CIT0091]). During the light period, stomata are closed and, depending on the type of CAM species, one of three decarboxylating enzymes releases nocturnally fixed CO~2~ from malic acid, thus providing Rubisco with its substrate ([@CIT0044]). The diurnal cycling of acidification and organic acid degradation is tightly interconnected with carbohydrate metabolism. Soluble sugars (fructose, glucose, or sucrose) or polysaccharides \[starch, (poly)fructans\] are degraded in the dark to provide carbon skeletons in the form of PEP for nocturnal carboxylation. The sugar/polysaccharide pool is then regenerated in the light via gluconeogenesis ([@CIT0009]; [@CIT0044]; [@CIT0007]; [@CIT0080]). To mitigate futile cycling, temporal control of enzyme activities is essential and occurs at both transcriptional and post-transcriptional levels, including diurnally regulated expression of **PHOSPHOENOLPYRUVATE CARBOXYLASE**(**PPC**) and *PHOSPHOENOLPYRUVATE CARBOXYLASE KINASE* (**PPCK**) ([@CIT0068]; [@CIT0023]).

Despite the strict temporal regulation, CAM remains a highly plastic adaptation that has been defined in different modes, including obligate and facultative CAM, CAM-idling, and CAM-cycling ([@CIT0059]). In particular, it has been proposed that facultative CAM could serve as a model to allow the identification of the minimal gene set required for a fully functional CAM pathway and to shed light on the regulation of these genes, thus allowing CAM engineering into C~3~ crops ([@CIT0008]; [@CIT0039]). In facultative CAM species, CAM is induced in response to environmental stresses (e.g. drought) and abscisic acid (ABA) has been identified as an important signal in CAM induction ([@CIT0022]; [@CIT0024]; [@CIT0079]). Characteristics of CAM, such as nocturnal acidification, accumulation of **PPC** transcript, and increased extractable activities of central CAM enzyme, have been induced by exogenous ABA in *Portulacaria afra* ([@CIT0085]), *Mesembryanthemum crystallinum* ([@CIT0045]; [@CIT0022]; [@CIT0024]), or *Kalanchoë blossfeldiana* ([@CIT0082]). In *Talinum triangulare*, increased amounts of transcripts encoding proteins of both CAM and ABA signalling pathways were detected in response to water withdrawal, returning to non-stress levels upon rewatering ([@CIT0014]).

In the plant, ABA is perceived by soluble receptors of the PYRABACTIN RESISTANCE/PYRABACTIN RESISTANCE-LIKE/REGULATORY COMPONENTS OF ABA RECEPTOR group, which upon ABA binding physically interact with clade A PP2C phosphatases (PP2CA), preventing dephosphorylation of SNF1-RELATED PROTEIN KINASEs 2 (SnRK2) ([@CIT0072]). Autophosphorylated SnRK2s subsequently modulate the activity of their downstream targets, ranging from other kinases to anion channels and numerous transcription factors (TFs), many of them recognizing ABA-responsive elements in the promoter sequences of target genes ([@CIT0095]; [@CIT0002]).

Despite detailed understanding of ABA signalling and accumulating evidence of the ABA inducibility of CAM, a study further elucidating the role of ABA in CAM induction is lacking. We therefore conducted this study with the following aims: (i) to discover how rapidly the CAM pathway can be activated by exogenous ABA; (ii) to determine whether it is possible to distinguish drought-induced and ABA-induced facultative CAM; and (iii) to identify the CAM regulators downstream of ABA signalling.

Materials and methods {#s2}
=====================

Plant material and growth conditions {#s3}
------------------------------------

*Talinum triangulare* plants used in this study originated from two subsequent, controlled self-pollination events, increasing the homogeneity of the plant material. Seeds were germinated in multiplication substrate (Floraton 3, Floragard) and 4*-*week-old seedlings were transferred to pots with D 400 soil and Cocopor (Stender). Two weeks before the treatment, the plants were placed into a controlled-environment plant chamber (MobyLux GroBanks, CLF Plant Climatics) with the following growth conditions: 12 h light/12 h dark at 25 °C/23 °C. The light intensity at the leaf level was 150--200 µmol s^--1^ m^--2^. To avoid unintended induction of CAM by drought, all plants were watered as needed, with the same amount of water per pot.

Treatments and harvest of leaf material {#s4}
---------------------------------------

To determine a suitable ABA concentration, a range from 10 to 600 µM was tested (see [Supplementary Fig. S1](#sup2){ref-type="supplementary-material"} at **JXB** online) prior to the work presented here. Using 2-month-old plants, two mature and fully illuminated leaves of each plant were treated either with (+/--) ABA \[Sigma-Aldrich; 200 µM solution in 0.095% (v/v) methanol\] or mock solution (0.095% (v/v) methanol). Both solutions contained 0.02% (v/v) Tween-20 (PanReac AppliChem). The first treatment took place after 4 hours in the light and the second treatment followed 4 hours later ([Fig. 1](#F1){ref-type="fig"}). Treated leaves were harvested and snap-frozen in liquid nitrogen 40, 80, 160, 320, 640, and 1280 min after the first treatment. Two biological replicates originating from two independent plants were harvested per time point. The treated leaves from the same plant were pooled prior to all analyses.

![Early response of *Talinum triangulare* to exogenous abscisic acid. (A) Experimental design. Prior to the treatments, *T. triangulare* plants were adapted to a 12 h/12 h light/dark, 25 °C/23 °C cycle. At 2 months of age, two mature leaves per plant were sprayed with 200 µM ABA or mock solution \[0.095% (v/v) methanol\]. The first treatment was applied 4 hours into the light period and was followed by a second treatment 4 hours later. Treated leaves were harvested and snap-frozen 40, 80, 160, 320, 640, and 1280 min after the first treatment. (B) Number of significantly (*q*≤0.01) down- and up-regulated genes (differentially expressed genes; DEGs) in ABA-treated leaves compared with mock-treated leaves at each time point.](erz189f0001){#F1}

Titratable acidity {#s5}
------------------

Approximately 30 mg of ground leaf material was incubated in 500 µl 50% (v/v) methanol at 90 °C while shaking. After centrifugation at 13,000 *g* for 5 min at room temperature, 450 µl of the supernatant was collected and the remaining pellet was extracted once more. Both fractions were pooled and stored at --20 °C until use. Titratable acidity was measured using bromothymol blue (Carl Roth) as a pH indicator: 60 µl of extract was mixed with 40 µl distilled H~2~O and 4 µl bromothymol blue (1 mg/ml stock). Using the microinjector of a Synergy H1 (BioTek) plate reader, samples were titrated with 1 mM KOH in 5 µl steps. After each step, absorbance at 445 nm and 615 nm was recorded, and the ratio of the absorbances at 615/445 nm was calculated. Based on the 615/445 ratio of buffer standards (pH 4.6--7.5), the pH of analysed extracts was determined. From the volume of KOH required to titrate extracts to pH 7.0, the titratable acidity was calculated. Two extractions were performed from each sample, and each extract was titrated in three replicates.

Protein and starch measurements {#s6}
-------------------------------

Approximately 25 mg of ground leaf material was used for extraction in 80% (v/v) ethanol with 10 mM 2-(**N**-morpholino)ethanesulfonic acid (pH 6). Extraction was performed three times with 500 µl extraction buffer while shaking for 1 hour at 90 °C. After each extraction step, samples were centrifuged at 12,000 *g* for 10 min and the supernatant was collected and pooled with previous fractions. From each sample, two extracts were prepared and stored at --20 °C until analysed. The protein concentration was measured using a Pierce BCA Protein Assay Kit (Thermo Fisher Scientific).

Pellets obtained during protein extraction were gelatinized with 300 µl 0.2 M NaOH at 90 °C for 40 minutes. After adjustment to pH 5--6, 200 µl hydrolysis buffer was added \[20 mM acetate buffer, pH 4.8; 0.5 U α-amylase (10102814001, Roche), and 4 U amyloglucosidase (A7095, Roche)\] and the mixture was incubated overnight at 37 °C. Glucose resulting from starch degradation was measured enzymatically: 10 µl of digest was added to 100 mM HEPES-NaOH (pH 7.5) with 10 mM MgCl~2~, 1 mM NADP^+^, 2 mM ATP, 0.1 U glucose-6-phosphate dehydrogenase (G6PDHII-RO, Roche), and 4 U hexokinase (11426362001, Roche). The final reaction volume was 200 µl and the increase of absorbance at 340 nm was monitored.

Metabolite profiling {#s7}
--------------------

Approximately 50 mg of ground leaf material was used to obtain extracts for metabolite profiling by gas chromatography-mass spectrometry (GC-MS) as described by [@CIT0031]. Data analysis was performed using MassHunter Software, version B.07.00 (Agilent). For relative quantification, all metabolite peak areas were normalized to the peak area of the internal standard ribitol added prior to extraction and the amount of leaf material. From each sample, two extracts were prepared and analysed.

Amino acids were measured by liquid chromatography-mass spectrometry (LC-MS). Extracts were prepared in 80% (v/v) ethanol (Fisher Scientific) as described by [@CIT0025], and data analysis was conducted using MassHunter Software, version B.07.00 (Agilent). From each sample, two extracts were prepared and analysed. Metabolites analysed by both methods are listed in [Supplementary Dataset S3](#sup1){ref-type="supplementary-material"}.

Total RNA extraction, preparation of Illumina libraries, and sequencing {#s8}
-----------------------------------------------------------------------

Total RNA was extracted from ground leaf tissue using the Monarch^®^ Total RNA Miniprep Kit (New England Biolabs Inc.) following the manufacturer's instructions. Contaminating DNA was digested with DNase I (New England Biolabs Inc.). The integrity of input RNA was analysed on a 2100 Bioanalyzer (Agilent). Libraries were prepared using the TruSeq Stranded mRNA Library Prep Kit (Illumina) following the Illumina TruSeq Stranded mRNA Sample Preparation Guide \#15031047 Rev. E, with the following adaptations: 300 ng total RNA as the basis for library preparation, adapter index dilution to 50% with RNase-free water, and an additional purification step with AMPure XP (Beckman Coulter).

The concentration of the resulting libraries was estimated using a NanoDrop 8000 (Thermo Fisher Scientific) and quality control was performed with a High Sensitivity NGS Fragment Analysis Kit (1 bp--6000 bp) DNF-474 (Advanced Analytical Technologies, Inc.). Based on quantification with a Qubit dsDNA HS Assay Kit (Thermo Fisher Scientific), libraries were adjusted to 2 nM concentration before cluster generation with a HiSeq 3000/4000 SR Cluster Kit (Illumina). Twelve samples were pooled per lane and sequenced in 150 bp single-end mode on a HiSeq 3000 platform (Illumina). On average, over 32 million reads per library were obtained ([Supplementary Table S1](#sup4){ref-type="supplementary-material"}).

Read mapping and annotation {#s9}
---------------------------

Illumina reads were trimmed with Trimmomatic version 0.33 ([@CIT0006]), keeping only the reads longer than 36 bases. Subsequently, BLAT ([@CIT0051]) in protein space (parameters: -t=dnax -q=dnax) was employed to map the trimmed reads against the reference transcriptome of *Beta vulgaris*, containing 28 721 transcripts in total (RefBeet-1.2.2; [@CIT0026]). The best BLAT hits (the lowest *e*-value and the highest bit score) were counted. On average, 70% mapping efficiency (i.e. *T. triangulare* reads matching a *B. vulgaris* target) was achieved, and 18 657 reference transcripts with at least one count were detected ([Supplementary Table S1](#sup4){ref-type="supplementary-material"}). Reference transcripts were annotated based on their homology to representative Arabidopsis peptides (Araport11, <https://www.araport.org>) via BlastX (BLAST 2.6.0+ suite, parameters: -evalue 1e-5 -max_target_seqs 1) ([@CIT0015]). Identified homologies were also used for assignment of MapMan functional categories (version X4_R1.0; [@CIT0083]) and TF families based on PlantTFDB ([@CIT0048]). Putative protein localization was predicted with TargetP ([@CIT0029]) based on *B. vulgaris* reference sequences. Selected transcripts were independently validated by quantitative real-time PCR ([Supplementary Protocol S1](#sup3){ref-type="supplementary-material"}).

Non-negative matrix factorization {#s10}
---------------------------------

Reads normalized to reads per kilobase million were used for non-negative matrix factorization (NMF), which was performed with altered variants of the Lee and Seung (euclidean distance), the Brunet, and the Kullback--Leibler (KL) algorithms (KL divergence) from the NMF package for R ([@CIT0033]). To facilitate interpretation, the coefficient matrix was scaled, so that the sum of all coefficients in a sample would sum to 1 in each iteration. Factorization was carried out in 50 iterations with random seeding and the factorization rank was determined using the elbow within the residual sum of squares and the average regression coefficient (**R**^2^). With all three algorithms, five factors were identified, with the KL and Brunet algorithms having a higher average **R**^2^ than the Lee and Seung method ([Supplementary Fig. S4](#sup2){ref-type="supplementary-material"}). The final factorization was performed 500 times and the result with the lowest residual sum of squares was used for further analysis. The factorized data were *z*-scored and clustered via the Hartigan and Wong algorithm for *k*-means clustering ([@CIT0038]). The enrichment of biological functions was analysed using Fisher's exact test on a set of reduced MapMan categories ([Supplementary Table S2](#sup4){ref-type="supplementary-material"}). All **P**-values were adjusted for multiple hypothesis testing by Benjamini--Hochberg correction ([@CIT0004]).

Data analysis {#s11}
-------------

Downstream analyses were performed in R version 3.5.1 (<https://www.R-project.org/>) and required packages. Raw counts were used for analysis of differential gene expression with the DESeq2 package version 1.22.2 ([@CIT0056]) in the default mode, with Benjamini--Hochberg **P**-value adjustment and a 0.01 significance threshold. Under- and over-represented biochemical pathways were identified using MapMan categorization and the Wilcoxon rank sum test with false discovery rate adjustment according to [@CIT0004] and *q*-value≤0.05 as a significance threshold. Reads per million were used to identify genes with a significantly different temporal pattern between the mock and ABA treatments using the maSigPro package ([@CIT0069]) (see [Supplementary Protocol S2](#sup3){ref-type="supplementary-material"} for more details).

Accession numbers {#s12}
-----------------

The read data as well as processed files are deposited at the National Center for Biotechnology Information Gene Expression Omnibus under accession number GSE116590 (<https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE116590>).

Results {#s13}
=======

Exogenous ABA induces rapid changes at the level of the transcriptome {#s14}
---------------------------------------------------------------------

To assess the immediate response of the facultative CAM species *T. triangulare* to foliar application of ABA, we performed an RNA-seq time-course experiment spanning 40--1280 min after the treatment ([Fig. 1A](#F1){ref-type="fig"}). DESeq analysis of transcript abundances in ABA-treated compared with mock-treated leaves revealed that the number of differentially expressed genes (DEGs) generally increased with time. While the effect of ABA on the number of DEGs was negligible after 40 min, 25% of mapped genes were differentially expressed after 1280 min ([Fig. 1B](#F1){ref-type="fig"}).

For a closer analysis of the observed changes and their biological effect, the following approaches were taken. First, analysis of steady-state transcript abundances was performed, focusing especially on CAM genes and components of the ABA signalling pathway. Overall patterns of transcript abundance of all mapped genes were analysed to identify genes whose temporal patterns changed in response to ABA. Combining both analyses, genes with significantly altered steady-state transcript abundances (*q*-value ≤0.01) and temporal pattern were identified. NMF combined with *k*-means clustering was applied to identify genes and biological processes with similar time-dependent co-expression. Finally, we aimed to select candidates relevant for CAM induction by comparing ABA- and drought-induced responses of *T. triangulare* with ABA treatment of the C~3~ model plant Arabidopsis.

Altered transcript levels of CAM genes {#s15}
--------------------------------------

Out of 23 core CAM genes ([Supplementary Table S2](#sup4){ref-type="supplementary-material"}; [Supplementary Dataset S1](#sup1){ref-type="supplementary-material"}), a homologous gene for 20 of them was found in the *B. vulgaris* reference, of which five were up-regulated after 160 min and six after 320 min, ([Supplementary Fig. S5A](#sup2){ref-type="supplementary-material"}). Transcript levels of *PHOSPHOENOLPYRUVATE CARBOXYLASE 3* (**PPC3**) accumulated 2.1-fold in ABA-treated leaves after 160 min and remained increased at the remaining time points (5.1-fold after 1280 min). Transcripts of the primary PPC isoform, **PPC1**, accumulated likewise ([Supplementary Fig. S6](#sup2){ref-type="supplementary-material"}), but the overall abundance pattern did not change significantly in response to ABA (maSigPro analysis). **PYRUVATE ORTHOPHOSPHATE DIKINASE**(**PPDK**) transcripts started to accumulate after 80 min (3.6-fold), reaching a 12.8-fold higher level after 640 min. In addition, transcript levels of genes encoding carbonic anhydrases (CAs) were altered after ABA treatment. While **ALPHA CARBONIC ANHYDRASE 1** (**ACA1**) transcript diminished after 160 min (3.5-fold decrease) and remained reduced throughout the remaining sampling points (5.3-fold after 1280 min), transcripts of chloroplastic **BETA CARBONIC ANHYDRASE 5**(**BCA5**) accumulated up to 2.9-fold after 320 min ([Fig. 2](#F2){ref-type="fig"}). To avoid futile cycling, PPC activity is post-translationally regulated by PPCK. In *T. triangulare*, **PPCK1**transcript levels were reduced 2.6-fold in ABA-treated leaves after the dark period ([Fig. 2](#F2){ref-type="fig"}). Transcripts of decarboxylating **MALIC ENZYME**s (**ME**s), chloroplastic **NADP-ME4** and cytosolic **NADP-ME1**, accumulated in response to ABA. **NADP-ME4** was the faster-responding isoform, while **NADP-ME1** transcripts accumulated strongly after 320 min, reaching 2.8-fold up-regulation after 1280 min ([Fig. 2](#F2){ref-type="fig"}).

![Exogenous ABA altered the transcript levels of core CAM genes and genes of related pathways, correlating with altered levels of selected metabolites in *Talinum triangulare*. Transcript abundances and metabolite amounts are expressed as log~2~-fold changes of ABA-treated compared with mock-treated leaves on blue--red and yellow--green scales, respectively (expression, *n*=2; metabolites, *n*=4). Only genes with significantly different transcript abundances (DESeq with Benjamini--Hochberg correction, *q*-value ≤0.01) and significantly altered temporal patterns (maSigPro with Benjamini--Hochberg correction, *q*-value ≤0.01 and **R**^2^\>0.85) are shown. The significance level for metabolites was 0.05 after Benjamini--Hochberg correction. Substrate conversions are depicted with solid lines, post-translation regulations with dashed lines, and transport processes are shown in grey. Genes whose involvement in the depicted pathways is expected are also included. Protein subcellular localization is based on prediction from *Beta vulgaris* (TargetP). 1,3-BPG, 1,3-bisphosphoglycerate; 2-PGA, 2-phosphoglycerate; 3-PGA, 3-phosphoglycerate; CBBC, Calvin--Benson--Bassham cycle; DHAP, dihydroxyacetone phosphate; Fru-6-P, fructose-6-phosphate; Fru-1,6-bisP, fructose-1,6-bisphosphate; GAP, glyceraldehyde-3-phosphate; Glc-1-P, glucose-1-phosphate; Glc-6-P, glucose-6-phosphate; OAA, oxaloacetate; PEP, phosphoenolpyruvate; *PGlyM*, phosphoglycerate mutase.](erz189f0002){#F2}

Flow of metabolites through the CAM pathway requires numerous known and putative transporters. The chloroplastic pyruvate transporter **BILE ACID:SODIUM SYMPORTER FAMILY PROTEIN 2**(**BASS2**) was up-regulated, especially after 640 min (5.2-fold), while transcript levels of malate-transporting **DICARBOXYLATE TRANSPORTER 1** (*DiT1*) declined at 320 and 1280 min (2.1-fold and 2.9-fold, respectively) ([Fig. 2](#F2){ref-type="fig"}). Mitochondrial organic acid transporters were affected by ABA as well: *DICARBOXYLATE/TRICARBOXYLATE TRANSPORTER* (**DTC**) transcripts declined up to 8.1-fold at 1280 min, while **MITOCHONDRIAL SUCCINATE-FUMARATE CARRIER 1**(*mSFC1*) transcripts accumulated at 160, 320, and 1280 min (2.8-, 1.8-, and 2.9-fold, respectively) ([Fig. 2](#F2){ref-type="fig"}).

Carbohydrate metabolism and transport {#s16}
-------------------------------------

ABA treatment also affected the levels of transcripts encoding enzymes of starch and sucrose metabolism. Compared with the CAM genes, these responded later (after 640 and 1280 min) and they were generally down-regulated ([Supplementary Fig. S5B](#sup2){ref-type="supplementary-material"}). Of the genes encoding starch-metabolism enzymes, transcripts of **ISOAMYLASE 1** (**ISA1**) declined 2.2-fold after 160 min, followed by 1.6-fold depletion of **DEBRANCHING ENZYME 1** (**DBE1**) transcripts after 320 min and finally by 2.8-fold depletion of **GRANULE BOUND STARCH SYNTHASE 1**(**GBSS1**) transcripts, the depletion of which was restricted to the early hours of the light period ([Fig. 2](#F2){ref-type="fig"}). In contrast, **BETA-AMYLASE 1** (**BAM1**) transcripts accumulated 2-fold in ABA-treated leaves as soon as after 40 min and remained increased throughout the remaining sampling points. Additionally, **ISOAMYLASE 3** (**AMY3**) transcripts accumulated 2.3-fold after 320 min ([Fig. 2](#F2){ref-type="fig"}).

Multiple genes encoding glycolytic/CBBC enzymes were down-regulated, including at 1280 min (i.e. early in the dark period), among them chloroplastic **PHOSPHOGLYCERATE/BISPHOSPHOGLYCERATE MUTASE** (**PGM**) (4.7-fold)*, PHOSPHOGLUCOSE ISOMERASE 1* (**PGI1**) (3.2-fold)*, HIGH CYCLIC ELECTRON FLOW 1* (**HCEF1**) (6.7-fold), and **FRUCTOSE-BISPHOSPHATE ALDOLASE 2**(**FBA2**) (3.9-fold) ([Fig. 2](#F2){ref-type="fig"}). Additionally, **TRIOSE-PHOSPHATE/PHOSPHATE TRANSLOCATOR**(**TPT**) transcripts declined 4.5-fold after 320 min and remained at a reduced level also at the last sampling ([Fig. 2](#F2){ref-type="fig"}).

In contrast to the pronounced down-regulation of enzyme-coding transcripts, there was up-regulation of sugar transporters localized in both the plasma membrane and the tonoplast. Transcript accumulation of **SUGAR TRANSPORTER PROTEIN 7** (**STP7**) was found only at time points 160 and 1280 min (2.3- and 6.7-fold, respectively). Transcript levels of **HOMOLOG OF MEDICAGO TRUNCATULA MTN3**(**SWEET12**) accumulated 5.4-fold after 80 min, reaching an 80-fold increase late in the light period (320 min after the treatment) ([Fig. 2](#F2){ref-type="fig"}). Transcripts of **EARLY-RESPONSIVE TO DEHYDRATION 4**(**ERD4**) and *VACUOLAR GLUCOSE TRANSPORTER 2* (**VGT2**) accumulated in ABA-treated leaves 2.4-fold after 80 min and 1.8-fold after 160 min, respectively ([Fig. 2](#F2){ref-type="fig"}).

Changes in metabolite levels in response to exogenous ABA {#s17}
---------------------------------------------------------

The above-described changes in transcript levels correlated with altered levels of several metabolites. End-of-night titratable acidity increased in ABA-treated leaves to 52.7±4.1 µmol H^+^ g^--1^ FW, representing a 1.6-fold increase compared with mock-treated leaves ([Fig. 2](#F2){ref-type="fig"}). GC-MS analysis of leaf extracts revealed malate and citrate as the primary organic acids that accumulated during the dark period. At the last time point (1280 min), relative amounts of malate and citrate were 4- and 16-fold higher than levels in mock-treated leaves, respectively. Additionally, α-ketoglutarate, succinate, and fumarate accumulated 11.3-, 5.7-, and 3-fold, respectively ([Supplementary Dataset S4](#sup1){ref-type="supplementary-material"}; [Supplementary Fig. S7](#sup2){ref-type="supplementary-material"}). Besides organic acids, levels of several carbohydrates were affected. Maltose accumulated transiently at 320 min, followed by a decline at 640 min. At 640 min, glucose was reduced as well ([Fig. 2](#F2){ref-type="fig"}). A reduction of fructose levels occurred specifically after the dark period. A trend towards a time-dependent decline in starch and sucrose levels was observed ([Supplementary Fig. S8](#sup2){ref-type="supplementary-material"}). Total protein levels also declined up to 1.3-fold in response to ABA (at 1280 min) ([Supplementary Fig. S7](#sup2){ref-type="supplementary-material"}).

As ABA plays a major role in stress signalling, the levels of stress-related compounds were assessed. γ-aminobutyric acid (GABA), myo-inositol, and raffinose levels declined transiently after 640 min, or after 320 min in the case of myo-inositol ([Supplementary Dataset S4](#sup1){ref-type="supplementary-material"}). In contrast, levels of amino acids were not affected by ABA treatment ([Supplementary Dataset S4](#sup1){ref-type="supplementary-material"}).

Exogenous ABA alters ABA signalling {#s18}
-----------------------------------

Transcript levels of **REGULATORY COMPONENT OF ABA RECEPTOR 1**(**RCAR1/PYL9**) and **RCAR3/PYL8** showed altered temporal patterns in response to ABA, and their abundance declined 5.9- and 4-fold, respectively, after 1280 min ([Fig. 3](#F3){ref-type="fig"}). In contrast, transcripts encoding downstream components of the ABA signalling pathway were affected more rapidly. Transcripts of the phosphatases *PROTEIN PHOSPHATASE 2CA* (**PP2CA**), **ABA INSENSITIVE 1**(**ABI1**), and *HIGHLY ABA-INDUCED PP2C GEN3* (**HAI3**) accumulated 3.1- 2.9-, and 6.5-fold, respectively, starting at 40 min, and remained up-regulated as time progressed. Transcript levels of **SUCROSE NONFERMENTING 1-RELATED PROTEIN KINASE**s *2* (*SnRK2*) were influenced by ABA with similar kinetics, but the temporal patterns of only *SnRK2.5, SnRK2.6/OST1*, and *SnRK2.8* were altered. While *SnRK*s *2.6* and *2.8* were up-regulated 4.5- and 2.1-fold, respectively, in response to ABA, there was 1.5-fold down-regulation of *SnRK2.5* after 160 min ([Fig. 3](#F3){ref-type="fig"}).

![Transcript levels of genes involved in ABA signalling and biosynthesis were influenced by exogenous ABA in *Talinum triangulare*. Transcript abundances are expressed as log~2~-fold changes of ABA-treated compared with mock-treated leaves (*n*=2). Only genes with significantly different transcript abundances (DESeq with Benjamini--Hochberg correction, *q*-value≤0.01) and significantly altered temporal patterns (maSigPro with Benjamini--Hochberg correction, *q*-value≤0.01 and **R**^2^\>0.85) are shown. The core signalling pathway comprises PYR/PYL/RCAR receptors, clade A phosphatases PP2C, and SnRK2 kinases. In the absence of ABA, PP2C phosphatases bind SnRK2s and prevent them from phosphorylating downstream targets. Upon binding of ABA to the receptors, they capture PP2Cs, releasing phosphorylated SnRK2s. Targets of SnRK2s include transcription factors in particular, many of which regulate gene expression through binding to ABA-responsive element (ABRE) motifs in promoter sequences of target genes. OST1 is involved in the control of stomatal movement. P, phosphorylation.](erz189f0003){#F3}

The temporal patterns of numerous TFs acting downstream were influenced by ABA. Transcripts of *ABSCISIC ACID RESPONSIVE ELEMENT-BINDING FACTOR 2* (**ABF2**), *ABI FIVE BINDING PROTEIN 2* (**AFP2**), *EID1-LIKE 3* (**EDL3**), *HOMEOBOX PROTEIN 7* (**HB7**), and *RESPONSIVE TO DESICCATION* (**RD26**) accumulated 2.5-, 4.8-, 28.6-, 7.7-, and 12.7-fold, respectively, as soon as after 40 min, and remained increased at the remaining sampling times ([Fig. 3](#F3){ref-type="fig"}). Levels of several transcripts encoding ABA synthesis and transport proteins were also affected by the ABA treatment. Transcripts of **ABA DEFICIENT 1**(**ABA1**) increased 1.8-fold after 80 min, but transcripts of *ABSCISIC ALDEHYDE OXIDASE 1* (*AAO1*) accumulated only after 1280 min (1.9-fold) ([Fig. 3](#F3){ref-type="fig"}). Transcript levels of *ATP-BINDING CASETTE G25* (**ABCG25**), an ABA exporter from the site of synthesis, accumulated 2.9-fold starting 80 min after the treatment ([Fig. 3](#F3){ref-type="fig"}). In contrast, **ABA-IMPORTING TRANSPORTER 1**(**AIT1/NRT1:2**) was 5.2-, 25.2-, and 45.9-fold down-regulated after 160, 320, and 1280 min.

Factorization and *k*-means clustering of temporal transcript patterns {#s19}
----------------------------------------------------------------------

NMF was performed to obtain insights into time-dependent abundance patterns. Based on the transcriptional contributions of the mapped genes, five factors were identified ([Fig. 4A](#F4){ref-type="fig"}). In factor 1, most of the transcriptional contribution occurred at 320 and 640 min in the mock treatment. Similarly, factor 2 was most pronounced at 320 and 640 min, but was specific to the ABA treatment. Factor 3 was characterized by basal transcriptional contribution over time with major expression in the ABA treatment specifically after 1280 min. In factor 4, the contribution declined with time until 640 min, followed by a pronounced contribution only in the mock treatment after 1280 min. The transcriptional contribution in factor 5 changed over time but did not differ between treatments ([Fig. 4A](#F4){ref-type="fig"}).

![Non-negative matrix factorization and *k*-means clustering of the *Talinum triangulare* transcriptome. (A) Five factors were identified based on time-dependent expression of individual genes (for details, see Materials and Methods). (B) Based on the transcriptional contribution of each factor, mapped genes were assigned to nine clusters (for details, see Materials and Methods). Enrichment of MapMan categories in each cluster is shown in green (over-represented categories) and red (under-represented categories). deg, Degradation; FA, fatty acids; GA, gibberellic acid; JA, jasmonic acid; met, metabolism; min. CHO, minor carbohydrate; misc, miscellaneous; PPR, pentatricopeptide repeat; PS, photosynthesis; sec. met., secondary metabolism.](erz189f0004){#F4}

Based on these factors, subsequent *k*-means clustering identified nine clusters, three of them comprising significant contributions of either of the ABA-specific factors. The early ABA factor contributed to clusters 6 and 7, while the late ABA factor was present in cluster 5 ([Fig. 4B](#F4){ref-type="fig"}). Enrichment analysis of MapMan categories identified ABA metabolism, WRKY TFs, phosphate transport, and ubiquitin-mediated protein degradation as over-represented in the early cluster 6. In the early cluster 7, vesicle transport, protein glycosylation, and reductive-oxidative thioredoxin reactions were over-represented. The late cluster 5 was enriched for sugar and nutrient signalling, ABC transporters, and glutathione **S**-transferases, but also heat stress response, gibberellin metabolism, and raffinose and phenylpropanoid metabolism pathways ([Fig. 4B](#F4){ref-type="fig"}). Besides their specific enrichments, all three clusters shared under-representation of protein synthesis, and clusters 6 and 7 both had under-representation of photosynthesis.

Due to the large proportion of factor 5 in cluster 3, this cluster could explain time-dependent changes to the transcriptome in both treatments. This cluster was enriched for CBBC, light photosynthetic reactions, and **AP2-EREBP** TFs ([Fig. 4B](#F4){ref-type="fig"}). Over-representation of photosynthetic processes was shared by clusters 1, 2, and 9, which comprised large contributions of mock-treatment-specific factors 1 and 4, as well as early ABA factor 2 in cluster 1 ([Fig. 4B](#F4){ref-type="fig"}).

Candidate regulators of CAM induction {#s20}
-------------------------------------

ABA-induced changes in both the transcriptome and the metabolome hinted at activation of the CAM pathway. This prompted the question of which gene products can translate the exogenous ABA signal into CAM induction. To answer this question, we performed a DESeq analysis, comparing a pool of all ABA-treated samples against a pool of mock-treated samples, thus reducing the changes in transcript abundance down to the direction and degree of the changes. In this way, 773 DEGs were obtained ([Supplementary Dataset S3](#sup1){ref-type="supplementary-material"}).

For further filtering, temporal transcript abundances were considered, limiting the search only to clusters 5, 6, and 7 (i.e. the clusters of major ABA responsiveness; [Fig. 4B](#F4){ref-type="fig"}). Additionally, to be considered a CAM regulator, a gene had to show an altered temporal pattern in the maSigPro analysis ([Supplementary Dataset S2](#sup1){ref-type="supplementary-material"}). Finally, the transcript abundance of such a gene had to be altered with progressing time during drought induction of CAM and reversible to non-stress levels 2 days after rewatering in the same experiment ([@CIT0014]). As we searched for genes responsive to ABA specifically in the facultative CAM species *T. triangulare*, we compared the DEGs identified here to ABA-responsive genes in Arabidopsis ([@CIT0077]). Genes responsive in both species were not considered to be CAM regulators. When all these filtering criteria were applied, 32 candidate genes were identified; among them were nine transcription factors, six genes of amino acid metabolism, and five transporters ([Table 1](#T1){ref-type="table"}). Among the genes differentially expressed between ABA- and mock-treated leaves, there were 36 genes without a known Arabidopsis homolog ([Supplementary Dataset S3](#sup1){ref-type="supplementary-material"}) but only five of them also showed an altered temporal pattern of transcript abundance ([Table 2](#T2){ref-type="table"}).

###### 

Genes identified as possible CAM regulators in *Talinum triangulare*

                               Transcript ID   AGI         Name             TF family   log~2-~FC pool (ABA/mock)   Cluster (NMF)
  ---------------------------- --------------- ----------- ---------------- ----------- --------------------------- ---------------
  Transcriptional activators   KMT03072        AT5G19650   **OFP8**                     --1.30                      2
                               KMT14500        AT3G20910   **NF-YA9**       NF-YA       1.38                        5
                               KMT02260        AT4G14540   **NF-YB3**       NF-YB       0.71                        6
                               KMT18169        AT3G11090   **LBD21**        LBD         --1.88                      2
                               KMT07141        AT3G01470   **HB-1**         HD-ZIP      1.02                        6
                               KMS96841        AT2G26150   **HSFA2**        HSF         2.58                        5
                               KMS95225        AT1G25440   **BBX15**        CO-like     --1.80                      2
                               KMS99638        AT1G19850   **MP**           ARF         1.23                        6
                               KMT11833        AT2G44730                    Trihelix    0.41                        6
                               KMT10399        AT4G00990                                0.62                        7
                               KMT03067        AT3G24520   **HSFC1**        HSF         1.63                        7
  Amino acid metabolism        KMT00186        AT1G29900   **CARB**                     1.06                        5
                               KMT12470        AT1G64660   **MGL**                      2.67                        5
                               KMT14300        AT1G55510   **BCDH BETA1**               1.50                        6
                               KMT10213        AT1G03090   **MCCA**                     1.57                        6
                               KMT12470        AT1G64660   **MGL**                      2.67                        5
                               KMS98028        AT1G08630   **THA1**                     1.49                        5
  Solute transport             KMT02985        AT2G26900   **BASS2**                    1.05                        6
                               KMT13799        AT1G08960   **CAX11**                    1.02                        6
                               KMT03912        AT1G30360   **ERD4**                     1.60                        5
                               KMT03911        AT1G30360   **ERD4**                     1.50                        5
                               KMS95179        AT1G19910   **AVA-P2**                   0.45                        6
  Carbohydrate metabolism      KMT07128        AT1G69830   **AMY3**                     1.08                        6
  Chromatin organisation       KMT10399        AT4G00990                                0.62                        7
  Lipid metabolism             KMT19551        AT1G43620   **UGT80B1**                  0.48                        6
  Nucleotide metabolism        KMT00186        AT1G29900   **CARB**                     1.06                        5
  Protein degradation          KMT12139        AT3G61180                                1.28                        5
  Protein modification         KMT01924        AT1G28480   **GRX480**                   2.88                        5
  Secondary metabolism         KMS96359        AT2G20340   **AAS**                      4.15                        5
                               KMT17647        AT2G07050   **CAS1**                     1.03                        6
  Vesicle trafficking          KMT15610        AT2G44140                                0.46                        6

These genes were identified based on their differential expression between mock treatment and ABA treatment, time-dependent pattern of transcript abundance (NMF analysis), altered temporal pattern of transcript abundance (maSigPro analysis), differential transcript accumulation in drought-induced CAM in *T. triangulare* ([@CIT0014]), and lack of ABA responsiveness in C~3~ Arabidopsis ([@CIT0077]). Log~2~-FC pool (ABA/mock) is based on DESeq analysis of all ABA-treated samples against all mock-treated samples, i.e. across all time points. All shown log~2~-FC are significant at the 0.01 level. AGI, Arabidopsis Genome Initiative; TF, transcription factor.

###### 

ABA-responsive genes in *Talinum triangulare* without a known Arabidopsis homolog

  Transcript ID   log~2-~FC pool (ABA/mock)   *q*-value   NMF cluster   Domain      Description
  --------------- --------------------------- ----------- ------------- ----------- ---------------
  KMT11995        --1.36                      4.30E-04    2             IPR005079   Peptidase C45
  KMT13506        1.32                        3.24E-03    6             n.d.        n.d.
  KMT00528        1.51                        2.85E-04    6             n.d.        n.d.
  KMT09356        2.59                        5.72E-03    5             n.d.        n.d.
  KMS99845        3.31                        2.46E-05    6             n.d.        n.d.

Analysis of differential expression between mock and ABA treatments, considering only genes with altered temporal patterns of transcript abundance (maSigPro analysis). Log~2~-FC pool (ABA/mock) is based on DESeq analysis of all ABA-treated samples against all mock-treated samples, i.e. across all time points. Protein domains were determined using InterProScan. n.d., Not determined.

Discussion {#s21}
==========

In this study, we applied ABA to induce CAM in a controlled manner in our facultative CAM model *T. triangulare*. To the best of our knowledge, this is the first study to describe the earliest changes in both the transcriptome and the metabolome during the induction phase. By following transcript abundances in ABA-treated and mock-treated leaves in parallel, we aimed to reduce the effect of circadian regulation when identifying DEGs. However, it should be noted that most pronounced changes ([Fig. 1A](#F1){ref-type="fig"}) were observed after the dark period, suggesting a combined effect of ABA and darkness on transcript abundances. At the same time, it seems unlikely that these changes were caused by alterations to circadian clock genes. Out of 34 genes involved in circadian regulation (according to MapMan), nine showed a significantly altered temporal pattern of transcript abundances, but only **LATE ELONGATED HYPOCOTYL**(**LHY**) and **ELF4-LIKE 4**(**ELF4-L4**) were assigned to ABA-specific clusters 5 and 7, respectively ([Supplementary Table S3](#sup4){ref-type="supplementary-material"}), suggesting that (i) the central circadian clock was not affected by the ABA treatment and (ii) the detected and further discussed changes in transcript abundances are a response to ABA or ABA and darkness, but not the diel cycle alone.

ABA induced changes in transcript abundance of CAM core and related genes as well as nocturnal acidification {#s22}
------------------------------------------------------------------------------------------------------------

Amounts of transcripts encoding central CAM enzymes were influenced by exogenous ABA. These transcripts included **PPC1** ([Supplementary Fig. S6](#sup2){ref-type="supplementary-material"}) and **PPC3**([Fig. 2](#F2){ref-type="fig"}), in agreement with ABA-induced transcript accumulation ([@CIT0078]) and increased measurable PPC activity in *M. crystallinum* ([@CIT0024]). While **PPC1** was the most abundant isoform ([Supplementary Dataset S1](#sup1){ref-type="supplementary-material"}), only the temporal pattern of **PPC3** was significantly altered by ABA ([Supplemental Dataset S2](#sup1){ref-type="supplementary-material"}). In contrast, exogenous ABA induced the depletion of **PPC3** transcripts in Arabidopsis ([@CIT0077]), indicating different transcriptional responses to ABA between a C~3~ species and a facultative CAM species. It might therefore be of interest to further investigate the contribution of different PPC isoforms to CAM induction. Transcript abundance of **PPCK1**, which post-translationally regulates PPC activity, has been reported to be under circadian control ([@CIT0068]; [@CIT0081]; [@CIT0013]); here, the amount of **PPCK1** transcript in ABA-treated leaves declined after 1280 min (i.e. shortly after the onset of light).

Assuming a requirement for active CA together with PPC, co-expression of their genes could be expected. This was observed for chloroplastic **BCA5** only, transcripts of which started to accumulate after 160 min ([Fig. 2](#F2){ref-type="fig"}). In a comparison of four CAM species, CA activity was detected in chloroplasts of ME species, while activity in the cytosol was detected in phosphoenolpyruvate carboxykinase species ([@CIT0086]). As *T. triangulare* relies on ME ([@CIT0014]), we hypothesize that **BCA5** is the CAM-specific isoform. In this context, it will be of interest to investigate the role of CAs in the CAM pathway, their localization, and their regulatory mechanism(s). Transcript levels of both cytosolic and chloroplastic isoforms of **NADP-ME** were responsive to exogenous ABA. Transcript accumulation of chloroplastic **NADP-ME4** was restricted to 160 and 1280 min, while transcript levels of cytosolic **NADP-ME1** were increased from 320 to 1280 min ([Fig. 2](#F2){ref-type="fig"}), further indicating adjustment of the CAM enzymatic toolkit.

Increased transcript levels of carboxylating enzymes correlated with the nocturnal increase in titratable acidity and organic acid content ([Fig. 2](#F2){ref-type="fig"}). Nocturnal titratable acidity of *T. triangulare* was previously reported to reach 10--30 µmol H^+^ g^--1^ FW with progressing drought ([@CIT0014]) and 40--60 µmol H^+^ g^--1^ FW in salt-induced recycling CAM ([@CIT0064]). Here, during the first dark period after the ABA treatment, end-of-night titratable acidity reached 52.7±4.1 µmol H^+^ g^--1^ FW, and the difference in titratable acidity between the early hours of the dark period and the subsequent morning was comparable to that observed by [@CIT0042] in sun-exposed leaves after 4 days of water withdrawal. It has been shown in both obligate and facultative CAM species that the major storage acid is malate ([@CIT0020]; [@CIT0001]; [@CIT0073]). However, diel citrate fluctuations during early phases of CAM (e.g. in *M. crystallinum* and *Clusia minor*) ([@CIT0041]; [@CIT0010]) and a contribution of succinate to nocturnal acidification \[e.g. in *Ananas comosus* (pineapple) and *Agave americana*\] have also been reported ([@CIT0061]; [@CIT0001]; [@CIT0073]). In ABA-induced CAM in *T. triangulare*, the increase in succinate levels was also accompanied by α-ketoglutarate accumulation ([Fig. 2](#F2){ref-type="fig"}).

Transcript levels of several transport proteins were affected by exogenous ABA, as observed in CAM-performing *M. crystallinum* ([@CIT0023]). The reduced transcript levels of the chloroplast malate transporter *DiT1* in ABA-treated leaves after 320 and 1280 min ([Fig. 2](#F2){ref-type="fig"}) could indicate reduced flow of malate into the chloroplast towards the end of the light period and in the dark period, suggesting increased flow into the vacuole. However, transcripts of **ALUMINIUM-ACTIVATED MALATE TRANSPORTER**s did not accumulate significantly upon ABA treatment and were of low abundance ([Supplementary Dataset S1](#sup1){ref-type="supplementary-material"}), an observation also made in drought-induced CAM ([@CIT0014]). In contrast, **BASS2** transcripts accumulated promptly (starting at 320 min, [Fig. 2](#F2){ref-type="fig"}; cluster 6, [Supplementary Dataset S1](#sup1){ref-type="supplementary-material"}), suggesting adjustment for increased transport of pyruvate originating from malate decarboxylation to the chloroplast.

Storage of malate in the vacuole requires a proton gradient to fuel its transport ([@CIT0057]). Indeed, **VACUOLAR-TYPE H*^*+*^*ATPASE C2** (**AVA-P2**) (cluster 6) was slightly but significantly up-regulated in response to ABA. In addition, transcripts of a putative ATPase activator **AT5G58110** (cluster 5) accumulated ([Supplementary Dataset S1](#sup1){ref-type="supplementary-material"}). Although it is not clear whether V-ATPase activity is controlled at the level of transcript abundance, ABA-induced activity of V-ATPase was observed in *M. crystallinum* ([@CIT0003]).

Utilization of carbohydrate reserves {#s23}
------------------------------------

Reprogramming of carbohydrate metabolism ensures the flow of carbon skeletons between storage carbohydrates and the PEP pool. Genes involved in starch metabolism were down-regulated in ABA-treated leaves, especially at the final two time points ([Supplementary Fig. S5B](#sup2){ref-type="supplementary-material"}). Transcript levels of **ISA1** (after 160 min), **DBE1** (320 min), and **GBBS1** (1280 min) were depleted ([Fig. 2](#F2){ref-type="fig"}). Glycolytic genes were also down-regulated ([Supplementary Fig. S5B](#sup2){ref-type="supplementary-material"}), including early-responsive **PGI1** (after 160 min) and **FBA2**, which showed the strongest transcript depletion after 1280 min ([Fig. 2](#F2){ref-type="fig"}). While the time-course experiment presented here covered a period of time too short to follow full diel cycling of transcript abundances, these early changes suggest ABA- and time-dependent adjustment of glycolysis, as observed in *M. crystallinum* for *FRUCTOSE-BISPHOSPHATE ALDOLASE 1* and *GLUCOSE-6-PHOSPHATE ISOMERASE 1* ([@CIT0023]) and by fluctuating mid-day and mid-night transcript levels of glycolytic genes in drought-induced CAM in *T. triangulare* ([@CIT0014]).

Starch breakdown products enter the cytosolic glycolytic pathway and, while **GLUCOSE-6-PHOSPHATE TRANSPORTER** (**GPT2**) transcripts accumulated (after 640 and 1280 min; [Supplementary Dataset S1](#sup1){ref-type="supplementary-material"}), the overall pattern of abundance did not differ significantly between the treatments. The nocturnal accumulation of **GPT2** transcripts agrees with observations in pineapple ([@CIT0007]) and *M. crystallinum* ([@CIT0066]; [@CIT0040]). **PPDK** transcripts accumulated rapidly (after 320 and 640 min; [Fig. 2](#F2){ref-type="fig"}), suggesting production of the PEP pool, which correlates with the trend towards declining amounts of starch, also starting after 320 min ([Supplementary Fig. S8](#sup2){ref-type="supplementary-material"}), and accumulating transcripts of starch-degrading enzymes such as **BAM1** and **AMY3** ([Fig. 2](#F2){ref-type="fig"}). Besides starch, sucrose levels also showed a declining trend with progressing time ([Supplementary Fig. S8](#sup2){ref-type="supplementary-material"}), suggesting the utilization of sucrose as an additional source of carbon backbones. Alternatively, carbohydrate reserves could be used in respiration to provide energy for synthesis and necessary transcriptional and translational adjustment during the induction phase of CAM.

Transcripts of the vacuolar hexose transporters **VGT2** and **ERD4** accumulated in ABA-treated leaves ([Fig. 2](#F2){ref-type="fig"}), indicating increased sugar flow between the cytosol and vacuole. Depending on current demands, glucose stored in the vacuole either supports PEP regeneration or provides energy for maintenance processes and growth ([@CIT0007]). In addition, exogenous ABA induced accumulation of transcripts of plasma membrane-localized **STP7**and **SWEET12** ([Fig. 2](#F2){ref-type="fig"}). While diel cycling between synthesis and degradation of storage carbohydrates is well described ([@CIT0009]; [@CIT0080]), transcriptional responsiveness of numerous transporters suggests the requirement for proper partitioning of sugar resources between compartments and possibly cells or tissues. In addition, sugars could also play a signalling role during CAM induction, as supported by the enrichment of sugar signalling in cluster 5 ([Fig. 4B](#F4){ref-type="fig"}).

Transcript accumulation of components of ABA biosynthetic and signalling pathways {#s24}
---------------------------------------------------------------------------------

Exogenous ABA affected the abundance patterns of several transcripts encoding components of ABA signalling, ABA-synthesizing enzymes, and ABA transporters. Transcript levels of the ABA receptors **RCAR1/PYL9** and **RCAR3/PYL8** declined in response to ABA after 640 and 1280 min, respectively. **PYL4, PYR1**, and *PYR4* were also down-regulated at least at one time point ([Supplementary Dataset S1](#sup1){ref-type="supplementary-material"}), but the overall expression pattern did not differ significantly between the treatments. While depletion of ABA receptor transcripts is a common response to both ABA and abiotic stress, occurring in a wide range of species such as Arabidopsis ([@CIT0016]; [@CIT0034]; [@CIT0077]), cotton ([@CIT0096]), and maize ([@CIT0030]; [@CIT0054]), diverse responses have been observed. For example, reversed expression patterns between maize roots and shoots ([@CIT0030]) and time-dependent expression patterns in cotton ([@CIT0096]) were described. Given the spatiotemporal expression of ABA receptors observed in other species, it is intriguing to hypothesize that differentiation between the stress response and CAM induction could occur at the level of ABA interaction partners.

In contrast to the transcript levels of genes encoding ABA receptors, transcript levels of downstream components changed more promptly and were generally up-regulated; among them were the PP2CA phosphatases **ABI1**, *HAI3*, and **PP2CA**, as well as their target kinases *SnRK2.6/OST1 SnRK2.8*. In contrast, *SnRK2.5* transcripts diminished upon ABA treatment ([Fig. 3](#F3){ref-type="fig"}). This finding is not necessarily contradictory, as only selected *SnRK2*s were shown to act in an ABA-dependent manner under hyperosmotic conditions in Arabidopsis ([@CIT0012]) and differentiation in *SnRK2* transcriptional responsiveness depending on the type of stress was observed in *Zea mays* ([@CIT0046]).

Transcripts of several genes encoding ABA-synthesizing enzymes accumulated in response to ABA ([Supplementary Dataset S1)](#sup1){ref-type="supplementary-material"}, but only **ABA1** and **AAO1** showed altered temporal patterns ([Fig. 3](#F3){ref-type="fig"}). These changes were accompanied by transcript accumulation of **ABCG25**, which encodes an ABA exporter from the site of synthesis ([@CIT0053]). Induction of **AAO3**and *NCED3* expression by exogenous ABA has been observed in Arabidopsis, even though the latter was detected only in the Landsberg *erecta* background ([@CIT0094]). Exogenous ABA led to increased endogenous ABA levels in *M. crystallinum* ([@CIT0079]), suggesting that ABA-induced ABA biosynthesis is conserved between species.

Protein degradation during CAM induction {#s25}
----------------------------------------

Previous studies have revealed the importance of *de novo* protein synthesis in the adjustment of enzymatic machinery and in signalling during CAM induction in *M. crystallinum* ([@CIT0043]; [@CIT0084]; [@CIT0079]). In the present study, the total protein amount declined after 320 min in response to ABA treatment, which correlated with the observed transcriptional changes. Transcripts encoding protein-degrading enzymes accumulated in ABA-treated leaves, starting at 40 min and peaking after 1280 min ([Supplementary Fig. S7](#sup2){ref-type="supplementary-material"}). Besides up-regulation of protein degradation, the enrichment analysis revealed down-regulation of protein-synthesis enzymes ([Supplementary Fig. S5](#sup2){ref-type="supplementary-material"}). These findings are consistent with NMF, which identified under-representation of protein biosynthesis in all three clusters composed of ABA-specific factors (clusters 5--7; [Fig. 4B](#F4){ref-type="fig"}).

Protein degradation could serve multiple purposes. First, protein breakdown would release amino acids for the synthesis of new proteins, including CAM-specific enzymes. Rapid utilization of released amino acids is supported by the lack of accumulation of free amino acids ([Supplementary Dataset S3](#sup1){ref-type="supplementary-material"}). Second, protein degradation may contribute to adjustment of the enzymatic machinery by degrading competing C~3~ enzymes or proteins with diurnally fluctuating amounts, such as PPCK ([@CIT0067]). For completeness, turnover of components of the ABA signalling pathway should be mentioned ([@CIT0092]; [@CIT0054]). Finally, degraded proteins might provide energy to fuel synthesis and transport processes. Nocturnal accumulation of TCA intermediates in ABA-treated leaves suggest increased flow through this pathway, as proposed by flux-balance analysis by [@CIT0021]. Under conditions of rapid CAM induction, this might enable preferential use of carbohydrate reserves for PEP synthesis.

Short-term ABA treatment did not induce a general stress response {#s26}
-----------------------------------------------------------------

Given the altered transcript levels of ABA signalling components, the next question was whether the metabolome of ABA-treated leaves showed a general stress response, manifested through the accumulation of sugars, sugar alcohols, or amino acids ([@CIT0071]; [@CIT0005]; [@CIT0037]). In Arabidopsis, increased salinity as well as exogenous ABA reduced sucrose and starch content, while maltose content increased ([@CIT0050]). This result agrees with the response observed in ABA-treated leaves of *T. triangulare*. However, given the nocturnal increase in titratable acidity ([Fig. 2](#F2){ref-type="fig"}), it is likely that starch degradation primarily served PEP generation. Raffinose levels remained largely unchanged in ABA-treated leaves of *T. triangulare* ([Supplementary Dataset S4B](#sup1){ref-type="supplementary-material"}), indicating that raffinose accumulation after water withdrawal reported in the same species ([@CIT0014]) was (i) independent of ABA and (ii) unrelated to CAM induction. The former agrees with observations made in Arabidopsis, where raffinose accumulation is also independent of ABA ([@CIT0050]; [@CIT0088]). Amounts of the sugar alcohols glycerol, mannitol, myo-inositol, and sorbitol did not increase after ABA treatment ([Supplementary Dataset S4B](#sup1){ref-type="supplementary-material"}). This is not surprising at least in the case of myo-inositol, as its biosynthesis was shown to be independent of ABA in Arabidopsis ([@CIT0088]). GABA accumulates in response to various stresses, possibly having a signalling role ([@CIT0011]), but no increase in GABA levels was observed in ABA-treated *T. triangulare* leaves. In fact, GABA levels even decreased transiently, an observation also made in Arabidopsis ([@CIT0050]; [@CIT0087]). In Arabidopsis, stress-induced accumulation of amino acids was observed within 15--18 hours ([@CIT0065]; [@CIT0088]). While the accumulation of branched-chain amino acids, tyrosine, and histidine depends on ABA, dehydration-induced accumulation of proline can also occur independently of ABA ([@CIT0050]; [@CIT0088], [@CIT0087]). In *T. triangulare*, no significant accumulation of amino acids was observed either under drought stress ([@CIT0014]) or in response to exogenous ABA ([Supplementary Dataset S4B](#sup1){ref-type="supplementary-material"}).

In summary, among the stress-related metabolites, those most affected by ABA application were starch and sucrose, but we attribute their reduced levels to the PEP regeneration typical of CAM and energy provision to fuel the adjustment of metabolism. The lack of stress response may be due to the use of exogenous ABA as the only stimulus. It has been proposed that stress (e.g. drought) is sensed by multiple sensors, which induce a variety of secondary signals ([@CIT0093]). Besides ABA, stress signalling also relies on Ca^2+^ and reactive oxygen species, and it is possible that the sole application of ABA was not enough to induce a stress response as rapidly as it induced the CAM pathway. Measurements of photosynthetic yield, which is sensitive to environmental and other stresses ([@CIT0060]), did not reveal any damage to photosystem II ([Supplementary Protocol S3](#sup3){ref-type="supplementary-material"}), in agreement with the metabolome analysis.

Candidate regulators of CAM induction {#s27}
-------------------------------------

The currently available transcriptome data with \~25% ABA-responsive genes (this study) and \~39% drought-responsive genes ([@CIT0014]) in *T. triangulare* represent a rich source for the identification of regulators downstream of the two, partially overlapping, signalling networks. Based on the DESeq analysis and additional filtering criteria, seven candidate transcriptional regulators were identified ([Table 1](#T1){ref-type="table"}). **HEAT SHOCK TRANSCRIPTION FACTOR A2** (**HSFA2**), the dominant **HSF** involved in thermotolerance of both Arabidopsis and tomato ([@CIT0018]; [@CIT0017]), also contributes to salt and osmotic stress tolerance ([@CIT0070]). Since CAM can be induced by both drought and salinity, a TF responsive to various environmental stresses in an ABA-dependent manner would be a meaningful CAM inducer. **HSFC1** was also up-regulated. In Arabidopsis, **HSFC1** has been shown to be heat- and drought-responsive ([@CIT0074]).

*NUCLEAR FACTOR Y* (**NF-Y**) *SUBUNIT*S *A9* and *B3* were up-regulated in ABA-treated leaves ([Table 1](#T1){ref-type="table"}). NF-Ys act as heterodimers and heterotrimers of NF-YA, NF-YB, and NF-YC subunits and form complexes with other proteins, including bZIP-family TFs and components of phytochrome, gibberellic acid, and ABA signalling. NF-Y TFs regulate plant growth, development, and stress responses ([@CIT0097]). This is also true for NF-YB3, which is part of the complex binding to the DREB2A promoter motif, thus regulating the heat stress response ([@CIT0075]). Over-expression of poplar **NF-YA9** in Arabidopsis revealed its role in promoting stomatal closure in an ABA-dependent manner ([@CIT0055]). While **NF-YB3** up-regulation might suggest a developing stress response, it could also connect CAM induction with the necessary adjustment of stomatal behaviour.

*JmjC DOMAIN-CONTAINING PROTEIN 27* (**JMJ27**) acts as a demethylase targeting histone H3 at lysine 9 (H3K9) and plays a role in both pathogen response and flowering time regulation in Arabidopsis. In the defence response, JMJ27 acts as a suppressor of WRKY TF expression ([@CIT0028]). Transcript abundances of several WRKYs were affected in ABA-treated leaves, but these were primarily up-regulated, including **WRKY33**([Supplementary Dataset S1](#sup1){ref-type="supplementary-material"}). **MONOPTEROS/AUXIN RESPONSE FACTOR 5**(**MP/ARF5**) regulates development in an auxin-dependent manner ([@CIT0036]; [@CIT0052]). Since phytohormone signalling pathways frequently overlap ([@CIT0047]), the involvement of **MP** in the ABA response, at least under some circumstances, cannot be excluded. TFs identified as putative CAM regulators share their involvement in responses to stressors, including heat, a biological function that was over-represented in the late ABA cluster 5 ([Fig. 4B](#F4){ref-type="fig"}). In addition, numerous identified TFs are related to development and response to other phytohormones.

The abundances of transcripts encoding transport proteins and enzymes of amino acid metabolism were affected by exogenous ABA as well, but it can only be speculated whether transcription of any of these genes is regulated by either of the abovementioned TFs. The altered flow of metabolites could directly contribute to their flow through the CAM pathway, as in the case of BASS2 ([Table 1](#T1){ref-type="table"}), transcripts of which are highly abundant in the C~4~ species *Flaveria*, which employs a type of photosynthesis that shares many similarities with CAM ([@CIT0032]). Alternatively, transporters may contribute to signalling, which might be the role of CATION EXCHANGER 11 (CAX11), even though its role in Ca^2+^ signalling under stress conditions has been described only in Arabidopsis roots so far ([@CIT0089]).

The number of ABA-responsive transcripts encoding enzymes of amino acid metabolism could contribute to protein synthesis. For example, **METHIONINE GAMMA-LYASE** (**MGL**) has been shown to catalyse conversion of methionine to cysteine ([@CIT0035]) and isoleucine synthesis ([@CIT0049]). Moreover, amino acid metabolism could play a more global role in the adjustment of metabolism. Mitochondrial **MCCA**, encoding methylcrotonyl-CoA carboxylase alpha chain, is involved in the catabolism of leucine and branched-chain amino acids, thus providing a respiratory substrate to satisfy energy demands. Besides *MCCA*, **THA1** was up-regulated in response to both ABA and drought ([Table 1](#T1){ref-type="table"}). In Arabidopsis, both **MCCA**and **THA1**are targets of bZIP TFs ([@CIT0027]), leading to the hypothesis that both genes could be co-regulated in *T. triangulare* as well.

Based on Arabidopsis coexpression network analysis, a hierarchical structure of catabolism genes was suggested in which smaller pathways, such as single amino acid degradation, form a part of larger biochemical modules, meaning that specialized genes also possesses a broader metabolic function ([@CIT0062]). However, whether such regulation could also contribute to CAM induction (e.g. via amino acid catabolism genes) has not been investigated yet.

Conclusions {#s28}
===========

Based on the observed transcriptional changes and increased nocturnal acidification, foliar application of 200 µM ABA was sufficient to induce CAM in the facultative CAM species *T. triangulare* within 24 hours. CAM induction by exogenous ABA has been reported previously ([@CIT0085]; [@CIT0022]; [@CIT0024]; [@CIT0082]; [@CIT0063]) but we are not aware of any other work showing the rapid pace of adjustment of the carbon assimilation strategy. Establishing ABA-inducible CAM models could boost research in the field and expand our knowledge about this pathway, including but not limited to functional confirmation of proposed 'CAM switches', gas exchange studies and labelling experiments to disentangle carbon flow during the induction phase of CAM.

Supplementary data {#s29}
==================

Supplementary data are available at **JXB** online.

**Dataset S1.** Quantitative information and annotation for all *Talinum triangulare* reads mapped on to the reference transcriptome of *Beta vulgaris*.

**Dataset S2.** Genes with significantly altered temporal pattern of transcript abundances upon ABA treatment of *Talinum triangulare*; analysis with maSigPro package for R.

**Dataset S3.** A complete list of significantly differentially expressed genes based on comparison of the pool of ABA-treated leaves of *Talinum triangulare* with the pool of mock-treated leaves.

**Dataset S4.** Relative metabolite amounts in *Talinum triangulare* leaves as determined by GC-MS, and amino acid amounts in *Talinum triangulare* leaves as determined by LC-MS.

**Fig. S1.** Titratable acidity in mature *Talinum triangulare* leaves at the end of the light and dark phases upon daily treatments with 10--600 µM ABA.

**Fig. S2.** Principal component analysis of *Talinum triangulare* RNA-seq data.

**Fig. S3.** Principal component analysis of metabolite amounts detected in leaves of *Talinum triangulare* harvested 40, 80, 160, 320, 640, and 1280 min after the first ABA treatment.

**Fig. S4.** Comparison of performance of Lee and Seung, Brunet, and KL algorithms on the transcriptome dataset of *Talinum triangulare*.

**Fig. S5.** Over-representation of differentially expressed genes for biological functions in *Talinum triangulare* at individual sampling time points.

**Fig. S6.** Transcript abundance of three detected isoforms of **PPC**in *Talinum triangulare*.

**Fig. S7.** ABA-induced changes in abundances of transcripts encoding components of protein degradation/synthesis and amino acid degradation/synthesis pathways in *Talinum triangulare*.

**Fig. S8.** Diurnal pattern of sucrose and starch abundance in ABA- and mock-treated leaves of *Talinum triangulare*.

**Protocol S1.** Validation of transcript levels determined by RNA-seq.

**Protocol S2.** Time series RNA-seq analysis.

**Protocol S3.** Pulse-amplitude modulated (PAM) fluorescence measurements.

**Table S1.** Sequencing statistics of the RNA-seq experiment in *Talinum triangulare.*

**Table S2.** Gene assignment to MapMan and to homemade reduced categories with expanded Photosynthesis.CAM/C4 photosynthesis category.

**Table S3.** Genes involved in clock regulation and analysis of time-dependent abundances of their transcript levels in *Talinum triangulare*.
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ABA

:   abscisic acid

CA

:   carbonic anhydrase

CAM

:   crassulacean acid metabolism

CBBC

:   Calvin--Benson--Bassham cycle

DEG

:   differentially expressed gene

ME

:   malic enzyme

NMF

:   non-negative matrix factorization

PEP

:   phosphoenolpyruvate

TCA

:   tricarboxylic acid

TF

:   transcription factor.
